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Introduction

A very efficient momentum space framework to deal with nucleon-nucleon
scattering, nucleon-deuteron scattering and sevveral electroweak processes
with two- and three-nucleon systems has been constructed and tested:
Phys. Rept. 274, 107 (1996); Phys. Rept. 415, 89 (2005);

Eur. Phys. J. A24, 31 (2005)

Limitations: nonrelativistic character and lack of the Coulomb force in the 3N
continuum
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‘ Formalism (cont.)

La/)’ known analytically !

1 O

N“:<‘P ]

\P > from ab initio calculations in
Im;

fmj; momentum space

Dynamical ingredients (1): 2N and 3N Hamiltonians
2N
H2N — o +V12
3N _ g 3N

1 3N (1) (2) (3)
o +V +V,+V, +y4 +V, 7 +V, )

Vy

used to generate nuclear bound and scattering states
contain 2N and 3N potentials
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Formalism (cont.)

Dynamical ingredients (2): nuclear EM and weak single-nucleon, 2N
and 3N current operators

Ibn=hthtlo

Ln=ht LT ltlot st izt i

- - - - - .(1) .(2) .(3)
sttt )t Tt les T st lee3

j123
. - .(1) - . .(2) - . .(3)
Jl + )3t ij"’!z + )it ij"’!s + ) T 11235
(1) i(2) i(3)

Il
_|_

describe interactions of the electroweak probe with nuclear system

IN KRAKOW

JAGIELLONIAN UNIVERSITY SFB 1044-Workshop, Mainz, 1-3 October 2018



‘ Formalism (reactions with 2H)

H 2N ‘Wd > — Ed ‘ W4 > deuteron state with £,<0

N = <Wld ja ‘l//d > elastic channel

N = (O] s [wa) = (ol (048G5 ) i W) chamner

o) =E), E=Pisg

t12 :V12 + t12 GOZN (E + ig)Vl2 Lippmann-Schwinger equation

. 1
G.N(E) = lim
o (E) +>0" E+ig—H"

free 2N propagator

N KRAKOW
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‘ Formalism (reactions with 2H)

HalvO)-Ep ), E-Bs0 s

Scattering radial wave function can be calculated directly in ccordinate space
or generated from the solution of the Lippmann-Schwinger equation t,,(E+i€)
obtained in momentum space as

tdkk? jI (kr)

(K (9) [t (E+iz) ps) j)

vl (1) =6, J,(pr)+i" mj

Sharply cut off Coulomb potential with the parameter R in the 2N partial wave basis

Re
(p'(I'S") "My Ve | PAS)iM;) = 814 Oy 8y G B [dr T ji(p'T) i (PT)
0
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Formalism (reactions with 2H)

Cross-checking
two-proton radial scattering wave function
E=5 MeV and R-.= 40 fm
1S, channel

real part imaginary part
25 prorr [rr T [T [T [rr T E e L [ [rrrrrrT [ [ E
2 b E 2 E
15¢ (a)
= TE E — =
3 08¢ \ 1 % / E
= 0 ! = > =
Z 05 3 Z / \ 3
e 1 E E
-1 E 3 E
5k 3 \
2 E : 2 E A
_25 E ....... [N A A Lo v v a0 [N A AN [N A A E -2 E ....... | I N Ly s a1 | I I N E
0 8 16 24 32 40 16 24 32 40

r [fm] r[fm]

2N scattering states pose no problem (nonrelativistically)
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Formalism (reactions with 2H)

Examples of 2N current matrix elements

Q= 350 MeV

momentum space r-space
g'_' 003 T T T T T T | T T T | T T T g'_‘ u.[]4 {:I | T | T T T
E 0025 ,-\ : E U§3§ -l".I 1
A | — 1 =i -
LY _ A
g 0z £ 0025 H '|I -
£ 0015 | 10z 0_02J| | 0. 70 1g
T [ — ' - ( = U, , )
8 oot 1 1 8 0'-][1;?1 I". md » Joo 0
£ 00 \ 1  E ooos i -
2 o _— 2 ol -
o = R
v opgoosle— ol L1 v 0005 L L. :
0 3 6 9 12 3 6 12
p [1/m] r [fm]
— 035 ————F——1F——F— — 01—
o
i 03 L |“| i % I/-\
£ " |I E o008 | \ .
A 025 .
£ [ 006 | -
s 02r| 5 E - |' )
= | = | -
— 0154 | . 2 004 s ('de—l. 1CC +1 Pg)‘
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e, 0.1 _II | . B. |
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‘ Formalism (reactions with *He and 3H)

H3N ‘ LIJ> — Eb ‘ \Ij> 3N bound state with £, <0

generated by the Faddeev equation

j A ‘ \.IJ> elastic or quasielastic channel with
3N initial and final bound states

two-body or three-body

N A — <\{J§_) ‘ J??N ‘ V. > break-up channel with final
I

scattering statek

‘ \P]S‘)> — lim _ & ‘ b, > formal definition including

the channel state
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Formalism (reactions with 3He and 3H)

Operators in 3N space:

(1) 3N force decomposed as V4 :V4(1) + V4(2) n V4(3)

V@ is symmetric under the exchange of nucleons j and k, i#j#k#i

. 1
(2) free 3N propagator Gg’N (E)= lIim _ N
e-0" E+1g—H,

(3) 2N off-shell t-matrix generated via LSE: tl — V1 -|-V1 GSN tl

(4) permutation operator: P = |:)12 P23 + |:)13 P23

4y
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Formalism (reactions with 3He and 3H)

Auxiliary equation for ‘U ’1> = ‘U (j;t, E... Q)>

a

3N internal magnitude of the three
energy momentum transfer

)= {66 S PO 6 L 6 0 ) 0] )

+{t1 GNP +%(1+ PIVE G (1+t, G )P}\u 4
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‘ Formalism (reactions with *He and 3H)

Quadratures

N = {(bu |0+ P) J* )| ¥, ) +{dyq [P|U ")
Niy = (B [0+ P) J* )| ¥) +(dn |1, GV A+ P) j* (1) | ¥, )
+ (¢ [P|U% )+ (s [, GV P [U7)

to obtain nuclear matrix elements for arbitrary exclusive kinematics !
Semi-exclusive and inclusive observables are calculated by suitable
integrations over the phase space domains.
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Formalism (reactions with 3He and 3H)

A supplementary scheme for inclusive reactions !
Using the completeness relation for final nuclear states with E>O0,

response functions R'"¢ can be calculated without explicit integrations
over the full two-body and three-body phase space !

Rus = > [df S(E-E ) (WP [AW ) (W0 [BW,)

m; My

=Y (¥;|B*S(E—H,;y)A| ;)

A B arethe %, j, , j,, components of the current operator

o
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‘ Formalism (reactions with *He and 3H)

R = (&) (%[,

14

_2le ((‘P A G (1+P)|U,) ~(%[8; G (1+P)U,).

where

P ) =GN (1+P)U.)
and
|Uc> — (1+ thgN)jc(1)|LPi>
GNP+ (14, G VOGN 1+ P) U, )
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Formalism (reactions with 3He and 3H)

The two methods for inclusive response functions provide an excellent test
of numerics.

They have been applied to electron scattering, photodisintegration

reactions, muon capture, pion absorption, radiative pion capture, CC and
NC neutrino induced reactions.

The case without 3N force is particularly interesting, since

U,) = §a@]W)+u*)
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Muon capture: p +°He — v, +n +d

JG et al., Phys. Rev. C 90, 024001 (2014)

180 prrr e ey
— 160 E o
T 140 E 2 _\ Plane wave
S o [ pedcten
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— 80 F i
5 60F "-“‘*\ Full predictions:
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Muon capture: g +°He — v ,+ n+n+p

JG et al., Phys. Rev. C 90, 024001 (2014)

12 SEARS RARAE RAREE RAREE LAREE RAARE MARRE RAREE MMM MRS
- 10 - :’A‘,‘\_: .
— - ! ;\ Full predictions:
> gE 7\ AV18
S " :\ AV18 + Urbana IX
— 6F .
" : .
T 4 | -
T N
= - ]
s 2 F -
© - .

O FEEEE ETE R EEET N

0 10 20 30 40 50 60 70 80 90 100
E, [MeV]

Yy |N KRAKOW

JAGIELLONIAN UNIVERSITY SFB 1044-Workshop, Mainz, 1-3 October 2018



Muon capture: p"+°*H — v, +n+n+n

JG et al., Phys. Rev. C 94, 034002 (2016)
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Reactions with (anti)neutrinos

We follow papers by:

« S. Nakamura et al., Phys. Rev. C 63, 034617 (2001); Erratum Phys.
Rev. C 73, 049904 (2006)

Doron Gazit and Nir Barnea, Phys. Rev. C 70, 048801 (2004)

E. O'Connor et al., Phys. Rev. C 75, 055803 (2007)

Doron Gazit and Nir Barnea, Phys. Rev. Lett. 98, 192501 (2007)

G. Shen et al., Phys. Rev. C 86, 035503 (2012)

A. Baroni and R. Schiavilla, C 96, 014002 (2017)

g Ciaow T SFB 1044-Workshop, Mainz, 1-3 October 2018



Reactions with (anti)neutrinos

Simple recipe If you startwith e+d —> e+ P+ N, replace for the charged
current (CC) driven reactions

U G.cos®.
U(k’5)7a(l_75)u(k’5) F\/E CNCC,+1

2 " vi+d > 1+ p+p

PR € o
uck', sy, u(kis)?NEM

_ . ~GocosO.
\V(k,s)ya(l—j/S)V(k,S) F\/E CNCC,—l

vi+d >1"+n+n

4 »
4,
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Reactions with (anti)neutrinos (cont.)

For reactions with the neutral current (NC), construct the corresponding
nuclear current operator and replace

_ G
ak',s)r,(1-7s) U(k,S)T; Nyc
/ v,+d > v, +p+n
a(k',s)7, u<k,s>% NE,

\. v(k,s)y,(1-ys) v(k' S)\/iNf\)fc

v,+d —>v,+p+n

’y‘ JAGIELLONIAN UNIVERSITY SFB 1044-Workshop, Mainz, 1-3 October 2018
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Reactions with (anti)neutrinos (cont.)

v,+H —>e"+n+n

12:IIIIIIIII|IIII|IIII|IIII|IIII: 1Dﬂ EllllllIIIIIIII|IIII|IIII|IIII
1wk G.Shenetal > 10 [
— . wiithout and with ] o [
5 %F MEC 7 TE
T . ] =] I
= 8F ; - 0.4
= 4F ; = 0.01 F
C ] = r ]
- JGetal. ! . ]
eg 1 D.DD*I% ]
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Results based on AV18 with the

Total CC cross section as a function )
single nucleon current

of the antineutrino energy

Comparison with G. Shen et al., Phys. Rev. C 86, 035503 (2012)
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Reactions with (anti)neutrinos (cont.)

v,+°H>e +p+p

40 T T T T [T 1717 100 FT T T T [T T T T [T T T T[T T T T [T TT T3
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Total CC cross section as a function
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Comparison with G. Shen et al., Phys. Rev. C 86, 035503 (2012)
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Reactions with (anti)neutrinos (cont.)

v|—|—2H—>v|+2H and \7|+2H—>17|+2H

LO prediction from
M. Butler, J.-W. Chen,
Nucl. Phys. A675, 575 (2000)

0.6 \

I I I 1 I I I I
05 F
N'_' : N'_' 0.1
§ 04F 5
o - [ =
=5 - -
o 03 (=] 0.01
®s 02F %
& [ &  0.001
01
O: ||||||||||||||||||||||: UDOU1 v by by b by
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Total NC (flavor independent !) cross section as a function of the neutrino energy
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Reactions with (anti)neutrinos (cont.)

~I

+°H > v, +p+n

?: .1D :IIIIIIIIII|||||||||||||||||-_|'_I¢
sk [ ]
: 1: E
a 01t i
7 4F W Ot ]
= X =] |
= 3F = 00 .
= F =] i ]
g 2F -2
: 0.001 F -
1— ] i
‘I]: il BT BT BT BT B 0.0001 I T TP TN B B
0 50 100 150 200 250 300 0 S0 100 150 200 250 300
E [MeV] E [MeV]

Total NC cross section as a function of

the antineutrino energy

Comparison with G. Shen et al., Phys. Rev. C 86, 035503 (2012)
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Reactions with (anti)neutrinos (cont.)

2
v.+H-o>v, +p+n
155 1':”:]E""I""I""I""I'"'I""IE
16 E [
E 10 [
. 14k — i
"E 12 “‘E 1 [
= 10F = [
?! - ‘E 0.1 |
F 6 E - 0.01
4 E I
3 0.001 {
2E i ]
0 B 00001 Dol b e b e |
D 50 100 150 200 250 300 0 50 100 150 200 250 300
E [Me\] E [MeV]

Total NC cross section as a
function of the neutrino energy

Comparison with G. Shen et al., Phys. Rev. C 86, 035503 (2012)
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E' [MeV]

Reactions with (anti)neutrinos (cont.)

Elastic (anti)neutrino scattering on He and °H

E= 100 MeV
1Du:""—'—-.LI""I""I""I""I"":
o
a7 | E neutrino takes all the energy ...
o F
o
]
gﬂ:l||||||||||||||||||||||||||____ _
0 30 60 90 120 150 180 E= 100 Mev
B[CIEQ] 7 L L L LI R R R IR R B R R '__'_'_E
6 F E
s YF E
y: 3
2 3F ;
= 2 £ _z
1_— —E
D:Ii--'r_'-l I 1 IIIIIIIIIIIIIIIIIIIIII
0 30 60 90 120 150 180
o [deg]
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Reactions with (anti)neutrinos (cont.)

Quasielastic antineutrino scattering on 3He

v, +°He >e" +°H

e
(&) — 3 + 3
o v +'He—> u +°H
TD U
5. 01f s
© I results based on AV18
muonno RC ——— ] with the single nucleon
muon with RC ——— current with and
electron no RC i ..
0o | | | | | electron with RC - | without relativistic
"0 50 100 150 200 250 300 350 400 450 500 corrections (RC)

E; [MeV]
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Reactions with (anti)neutrinos (cont.)

{..Etmel 1 D—-ﬂﬁ EI"I"I'?]

Elastic (anti)neutrino scattering on He and °H

v, + He ->v_+ °He etc.

10

0.1 [
0.01 |
0.001 L

0.0001 s

v+ “He
o —
v o+ é_le ........
v +°H -
| 1 | I P I T NI I P
a0 100 150 200 250 300
E [MeV]

2

o =27 [ d@sin ed—g

results based on AV18
with the single nucleon
current including
relativistic corrections
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100 MeV
dQdE"

- do

(cont.)

Inclusive inelastic (anti)neutrino NC scattering on 3H at E
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Reactions with (anti)neutrinos (cont.)

Inclusive inelastic (anti)neutrino NC scattering on 3H at E=100 MeV

v,+°H > v, +n+d V.+°H > v +n+n+p

200 = | | | |
180 1 N =
160 T :
- 140 -
S 120 FE i
L 100 ¥ ;' ]
E a0 :E —
60 HE -
40 L& -
20 HE: X 55 _

n B= | | | | | |

0 10 20 30 40 50 o0 70 &0 90 100
E.m [MeV]

e
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‘ Reactions with (anti)neutrinos (cont.)

Inelastic (anti)neutrino scattering off 3H at E=100 MeV
Inclusive weak NC response functions for Q= 100 MeV

o | O = : | T=112
0.8 I- T=1/2+T=32 —— | 35 T=1/2+T=32 —— 1
07 b nd — 3 nd — _
06 -/ 2 nd+pnn i 25 nd+pnn 1
E 05 ‘ 1 E 5 ‘2 I
- 04 1 =
o o _
03 ] 15
0.2 ] 1 B
0.1 . ] 05 - i
0 T s e — 0 U
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
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45 [ [ [ [ | 12 | I | |
4l T=1/2 i T=1/2
T=1/2 + T=3/2 —— 160 T=1/2 + T=32 —— |
35 nd — nd
3 2 nd+pnn 4 0.8 nd+pnn 4
= 2? ] % 06 0 * |
® 45| 1 % o4 2Re(NNc Nz,NC) i
11 |
0.2 ]
05 - . ~_
0 T 0 LT
0O 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
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Reactions with (anti)neutrinos (cont.)

Note: response functions depend only on E, ,, and Q!

3 | [ [ [
T=1/2
T=1/2 + T=3/2 ——
nd ——
nd+pnn .
£
E _ 3
= , H
o ‘ |
P e ——— : —
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1 | ) ! | c.m.?
dQdE' <
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Reactions with (anti)neutrinos (cont.)

Inelastic (anti)neutrino scattering off 3He at E=100 MeV
Inclusive weak NC response functions for Q= 100 MeV

U? T T T T T T T 45 I T T T T | | I
06 - | . 4 A ]
Lo _
05 —lf . 3‘2 f \
'E' '\ ] '-" ]
= 04 N K . £ os5f ) 2 .
2 03\ \ NC . 2 2 \\ N 2 NC .
T 02 \ . c 15 7
\ 1F -'::33:-. 7]
01 .-"""h'“"-h-'-'i':'_-_—--?_";"_———____ 05 \\_L — -
0 ' — S EEEEE— | i ey s = S !
0 10 20 30 40 50 60 70 80 90 100 0
0 10 20 30 40 50 60 70 80 90 100
Ecm. [MeV] Eem. [MeV]
I.&£ T T I I | I
] — 08 \ 2Re NNC Nz,NC -
— . E =
£ 2 o 06 \ -
= ] ¥ \
o - e 04y 0 7
N
7 0.2 N i
0 I |.""'-"-'.-:r' e e B e ST 0 I TR s e BB e e
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
e MeV] E.m [MeV]

DU |\ ONIAN UNIVERSITY SFB 1044-Workshop, Mainz, 1-3 October 2018

IN KRAKOW



Reactions with (anti)neutrinos (cont.)

3.5 I I I I T T
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‘ Reactions with (anti)neutrinos (cont.)

Inelastic antineutrino CC scattering off 3He at E=100 MeV
Inclusive weak CC response functions for Q= 100 MeV

6 T ' ® | | |
T=1/2 T=1/2
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Reactions with (anti)neutrinos (cont.)

Inelastic antineutrino scattering on 3He at E=100 MeV
Inclusive weak CC response functions for Q=100 MeV

8
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Response functions depend only on E_ , and Q !
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onclusions and outlook

Momentum space framework to deal with various electroweak processes in 2N
and 3N systems has been established

Several important numerical tests passed successfully

Results of calculations utilizing the single nucleon current agree with the
corresponding results obtained previously by other groups

Robust methods to deal with PWD of a single- and two-nucleon current
operator are available

Calculations without PWD, especially for 2N system, are also possible
Systematic calculations of inclusive response functions (and cross sections) are
planned

Unsolved problems: relativity, distortion of et and p* energy spectra, Coulomb
interactions of three protons

Real progress requires consistent 2N and 3N forces as well as vector and axial
parts of the nuclear weak current operator

N,
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Conclusions and outlook (cont.)

It's a long way to go (EE) but we hope that consistent forces and currents
will be applied within LENPIC ,to understand nuclear structure and

reactions with chiral forces”

http://www.lenpic.org /\
Low Energy Nuclear Physics -
International Collaboration —e—

o
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Thank you !
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